Abstract In this paper, a Zero-Voltage-Transition (ZVT)-Zero-Current Transition (ZCT) Pulsewidth Modulated (PWM) synchronous buck converter (SBC), with a simple passive auxiliary circuit is proposed, which reduces the stresses and improves the efficiency by pacifying the conduction losses compared to a traditional PWM converter, typically suitable for photovoltaic applications. The important design feature of ZVT-ZCT PWM SBC converters is placement of resonant components that mollifies the conduction losses. Due to the ZVT-ZCT, the resonant components with low values are used, thereby resulting in the increase of switching frequency. The ZVT-ZCT operation of the proposed converter is presented through theoretical analysis. The characteristics of the proposed converter are verified with the simulation in the PSIM co-simulated with MATLAB/SIM-ULINK environment and implemented experimentally. 
Introduction
Nowadays, the DC-DC converters are vastly applied modules, and demand is increasing for high-power density and high-efficiency modules by minimizing the conduction and switching losses. These modules in general the day to day are observed in applications such as laptops, desktop processors for the enhancement of the battery lifetime. Apart from these applications, solar and spacecraft applications demand increase progressively for stressless and more efficient DC-DC modules for maximizing the storage capacity thereby enhancing the power density to improve the battery life to supply in the uneven times.
In 1980, N.R.M. Rao exploited and developed the concept of conventional PWM converter, using the PWM technology to have a control over power switches and to produce stepup or step-down output voltage. The PWM control principle is to control the width of the pulse of a particular switch, switching ON by fixing the switching frequency of a power switch [1] . In the recent years, the synchronous rectifiers are playing the prominent role in reducing the conduction losses, as MOSFETs are employed for low-voltage applications [2] [3] [4] . In earlier days it was difficult to operate the converter above 1 MHz, but with the advent of resonant switching, the dominant switching frequency loss is reduced. The inclusion of passive auxiliary circuits in synchronous rectifiers for reduction of switching losses implicates tolerable voltage and current stresses on the power switches and also allays the problem of EMI in the converter.
Abundant research has been done using passive snubber circuitry in many DC-DC topologies for improving the efficiency, reduction of switching and conduction losses to recuperate the energy [5] [6] [7] [8] [9] . With the advent of passive circuits the converters tend to shrink in terms of cost, size, and also they are proving to be consistent modules having an eminent performance ratio than the active circuits [10] [11] [12] [13] [14] [15] [16] [17] .
The proposed circuit greatly pacifies the reverse recovery peak current through the diode and turn ON loss of the switch. The demand of higher input voltage, lower output voltages, in turn higher output currents leads to very low duty cycles and mounting the switching losses, thereby resulting in falling off the conversion efficiency. Thus, the efficiency of SBC is optimized by annihilating the switching losses using a soft-switching technique with the assistance of a passive snubber. Because of its low additional conduction losses and its operation which almost replicates as of PWM converters, the soft-switching techniques have allured the attention in the recent times [18] [19] [20] . In ZVT-ZCT converters [19] [20] [21] [22] [23] [24] generally the auxiliary switch actuates just before the main switch is made active and culminates after it is executed.
The proposed auxiliary circuit has reduced ratings than the main power circuitry as it is activated for a small segment of time during the switching cycle, which provokes least switching losses in the auxiliary circuit thereby improving the converter efficiency as switching losses get diminished. Many other topologies are presented among them; the inclusion of the high-frequency transformers in DC-DC converters has also proved to be well known topologies. However, in these converters by the inclusion of high-frequency isolation transformer, the usage of number of power switches increases usually between four to nine, which accompany to high switching and also conduction losses.
Lowering the switching losses for a low-voltage high-current application with the assistance of a simple passive auxiliary circuit as a snubber with low values of components was not present in the literature . The converter that is proposed is mostly suitable in many applications, especially for photovoltaic and spacecraft applications where lossless DC-DC converters with low voltage high current are in much demand. Thus, this paper presents a novel ZVT-ZCT PWM SBC in which by the addition of resonant auxiliary circuit in the proposed converter that exhibits ZVT, ZCT curtails voltage and current stresses on the main switch and the synchronous switch.
The paper is organized as follows: Section 2 describes about the proposed circuit and its operating modes with theoretical waveforms and equivalent circuits in each mode; Section 3 provides the design procedure of magnetic elements used; Section 4 points out the features of the proposed converter; Section 5 includes the simulation and experimental results that expose the features of the proposed converter; and Section 6 presents the conclusion.
Operating principle
2.1. Configuration of proposed circuit and conditions that are assumed to simplify the analysis Fig. 1 shows the proposed schematic circuit. The proposed converter is the embodiment of the traditional PWM synchronous buck converter and auxiliary snubber circuit proposed. Proposed auxiliary circuit is comprised of a resonant inductor L r , a resonant capacitor C r , a buffer capacitor C b , a buffer inductor L b and auxiliary Schottky diodes D 1 , D 2 . The utilization of body diodes of S 1 , S 2 is also done in the proposed converter.
To simplify the analysis of steady-state operations of the proposed converter, the following conditions are assumed in a switching cycle. 
Modes of operation
In this section, the operating modes of the proposed converter are distinguished into six, considering the different current paths of the elements and switch voltages. The waveforms are presented in Fig. 2 , and the operating mode analysis is explained by the current paths shown in Fig. 3 .
Mode 1 (t 0 -t 1 ): In this mode 1, main switch, S 1 is switched ON. The current path is as shown in figure. At this stage, as the main switch is ON, it experiences zero current turn ON as it is in the series with resonant inductor L r , the i Lr current rises and i Ds2 current through the body diode of the switch S 2 falls concurrently at the same instant of time. This mode ends at t = t 1 , i Ds2 becomes zero and i Lr reaches I o(avg) .
Mode 2 (t 1 -t 2 ): At the instant when the body diode is OFF, the current passes through the resonant circuit forming L r , C r and buffer capacitor C b .A tt = t 1 , i s = i Lr = I o(avg) , i D2 =0, V cr = 0 and V cb =0. 
where where
The diodes D 1 and D 2 are not in conduction mode, and only the main switch S 1 and resonant inductor L r are in conduction. This depicts no resonance at this stage, and now the operational circuit is equivalent to the traditional PWM buck topology. 
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Mode 5 (t 4 -t 5 ): In this mode, main switch, S 1 is OFF under ZVT and at the same time synchronous switch S 2 is ON under ZCT. As S 2 is conducting, the voltage across capacitor C r is clenched to zero, now the resonance takes place with parallel combination of L r , L b and C b .
where
Mode 6 (t 5 -t 6 ): In this stage, t ¼ t 5 ; i S1 ¼ 0; i Lr ¼ I oðavgÞ ; V cr ¼ 0 and V cb ¼ 0 are the initial conditions for this mode.
As i Lr reaches I o(avg) , the switch gets turned OFF under ZCT. The preserved energy of L r and C r is transferred to the load.
In this mode, i Lr = i Lb. This mode ends when the body diode of S 2 gets reverse biased and ceases the current through it. The current i Lr reaches minimum value and thereby S 1 gets ON, and repetition of operation continues.
Output voltage
The output voltage can be evaluated by balancing the volt-Second relationship or by equating the energy relation i.e.,
where t 01 , t 12 , t 23 , t 34 , t 45 , t 56 --time periods of mode 1, mode 2, mode 3, mode 4, mode 5, mode 6. The t 01 and t 56 of modes 1 and 6 contain least values compared to other terms in the preceding expression, so they are neglected for making analysis simple.
The voltage conversion ratio will be
is evident that voltage conversion ratio relies upon switching frequency irrespective of the duty ratio.
Design procedure
The traditional PWM converter's design is well-known and extensively presented in the literature. Now, it is time to focus on eloquent aspects of designing the auxiliary circuits. The resonant inductor and capacitor design is the most significant part of designing the auxiliary circuit. The auxiliary resonant circuit that is proposed entrusts soft-switching condition for the main switch. The design method is developed, by referring previous literature [18] .
(1) Snubber inductor L r is chosen to allow maximum output current within t rise during the ON time of the main switch.
In this case from Eq. (1) V in L r t rise 6 I o max ð22Þ t rise fi Rise time of the main switch
The aforementioned equations assist the main switch with ZCS turn-OFF, and ZVS turn-ON of the synchronous switch body diode.
(2) Snubber capacitor C b is procured such that it discharges from V in to zero with maximum current through it in the time period at the turn-OFF time of the main switch.
In this case, according to (14) and (16) 1
Buffer capacitor C r is selected such that it charges from zero to the value assumed as half of the input voltage. During the turn-OFF time, the buffer capacitor is feeded by the energies that are preserved in the snubber inductor and the accumulated charge on snubber capacitor. The energy balance can be given as
The rate of charging of capacitor C b is greater than the fall time of the main switch S 1 , which is equal to the increase at the rate of change of current through inductor L r .
C r V in I Lr max À I oðavgÞ P t 12 ð25Þ
From Eq. (7), t 12 can be derived as
Solving the above two equations, C r is derived as sin
From the aforementioned equations, it is clear that C r is greater than C b .
Converter postulates
The postulates of the soft switching converter which is proposed are listed as follows 
Simulation and experimental results
The Proposed converter functions with an input voltage V in = 12 V, an output voltage V o = 4 V, a load current of 13 A and a switching frequency of 100 kHz. The functional characteristics of the proposed ZVT-ZCT SBC are executed by the simulation using PSIM 7.1 software co-simulated with MATLAB/SIMULINK. Figs. 4a-4c show the simulation results of the proposed converter. In Fig. 4a the voltages of main switch S 1 and synchronous switch S 2 have an overshoot value of 0.5 V compared to the traditional buck converter which is a minor increase in terms of performance point of view. The waveforms that are shown depict a time period of four switching cycles, which is 40 ls in this particular case. The synchronous buck converter integrated with proposed passive auxiliary circuit has been built and substantiated with experimental results. However there is slight increase of voltage about 0.5 V of main switch S 1 and synchronous switch S 2 as compared to traditional buck converter. The experimental components used in the proposed ZVT-ZCT SBC converter are tabulated in Table 1 . As shown in Figs. 5a-5c, the experimental results depicted are analogous to the obtained simulation results. Fig. 5a shows the voltage and current waveforms of main switch S 1 and synchronous switch S 2 depicting low stresses. However there is slight increase of voltage about 0.5 V of main switch S 1 and synchronous switch S 2 as compared to traditional buck converter. The experimental components employed in the proposed ZVT-ZCT SBC converter are tabulated in Table 1 . Fig. 5b shows the voltage waveforms of resonant capacitor V cr , buffer capacitor V cb and current wave- Figure 4c Current waveform of diode D 2 .
forms of diode current i D2 , and buffer inductor i Lb , whereas Fig. 5c shows the current waveform of resonant inductor i Lr . Fig. 6a signifies that the main switch S 1 spike current is plummeted; the waveform is almost equivalent to the traditional buck converter. Consequently, the rating of the main switch required for the buck converter is economized by the introduction of ZVT-ZCT operation. The main switch is turned ON under ZVT and turned OFF with ZCT, due to which the main stream switching losses got diminished. Fig. 6b the synchronous switch S 2 is turned OFF under ZCT and turned ON with ZVT operation. The reverse recovery (RR) effect due to the body diode of S 2 is almost attenuated.
Efficiency curve
From Fig. 7 , it can be seen that efficiency values of the proposed converter are comparatively higher than the traditional converter with SR. The converter is designed for the maximum output current, and it is accustomed that toward minimum output power efficiency, values decrease. At nearly 70% of output power, the efficiency of the proposed converter rises to about 97% when compared to the counterpart traditional converter whose efficiency is about 87%. The high efficiency of the proposed converter proves the definiteness of the design values. Table 2 shows the comparison of recent topological circuits with the proposed circuit. As shown in the Table 2 , the circuits are modern ZVT-ZCT PWM topologies [22] [23] [24] are prominent in curtailing the spike of the main switch and diminishing the reverse recovery (RR) problem of the synchronous switch Refs. [22] [23] [24] . A Novel Passive Auxiliary Circuit for Efficiency Enhancement of a Synchronous Buck Converterbody diode. The RR problem of main diode is eliminated. In [22, 23] the coupled inductors are used in the auxiliary circuits which in turn expands the volume of the total circuit. The proposed auxiliary circuit not only exceeds the advantages of the contemporary circuits, but also obliges both switches to operate under soft-switching conditions. The RR problem compared to conventional circuits is largely enhanced, beside the efficiency is improved at maximum. Efficiency enhancement relative to the hard-switching converter is shown in Fig. 7 . Table 2 and the results proclaim that the proposed auxiliary circuit has accomplished comparable efficiency enhancement over the hard switching circuit to a decent value. The proposed converter does not use the coupled inductors as [22, 23] and also it has a simple design with ease of control.
Contrast with contemporary topologies

Efficiency curve with contemporary topologies
From Fig. 8 , it can be seen that the efficiency of the proposed ZVT-ZCT SBC is comparatively high, with reference to the contemporary topologies. The values of efficiency declined proceeding toward minimum output power as the design of the proposed converter is for the maximum output current. At 70% of output power, the total efficiency increases to 97% which is greater than other topologies.
Conclusion
In this paper, the switching and conduction losses in the SBC were eliminated with the employment of concept of ZVT-ZCT. Apart from the main switch which is turned OFF under ZCT and ON under ZVT, the same replicated on the synchronous switch which is also turned ON under ZVT and OFF under ZCT. The proposed auxiliary circuit integrated with SBC can also be applied to other contemporary circuits; it is proved that the proposed auxiliary circuit achieves ZVT-turn ON and ZCT-turn OFF to both the switches. Particularly, the RR effect of synchronous switch is diminished through the proposed auxiliary circuit, which in turn minimizes the switching losses as correlated with contemporary topologies. Therefore, the switching and conduction losses are diminished; the newly proposed ZVT-ZCT SBC is the most suitable converter for medium and high power than the traditional converter, as it has been observed from the efficiency curve and also contrasted with the contemporary topologies. In addition to this, current and voltage stresses on the main power circuit are reduced immensely, and the auxiliary elements designed such that they deal with permissible voltage and current values. Furthermore, the proposed converter structure is simple, low-cost and easily controllable.
Appendix A
Derivation of Eqs. (4)- (11), (13)- (16) . Eqs. (4)- (7): As per the equivalent circuit diagram of mode 2 (t 1 -t 2 ) from Fig. 2 , the elements L r , C r , C b are in resonance, so the circuit is similar to series-resonant circuit with a capacitor--parallel load. The mode 2 equivalent circuit is redrawn as Eqs. (12)- (16): Figure 8 Efficiency curve with contemporary topologies.
As per the equivalent circuit diagram of mode 5(t 4 -t 5 ) from 
